The energies and lifetimes of phonons in metallic Li between 110 and 424 K are calculated using the selfconsistent phonon theory and the e6ective ion-ion interaction developed by Dagens, Rasolt, and Taylor (DRT). The results are compared with the recent neutron scattering measurements of Beg and Nielson. Li turns out to be surprisingly harmonic, less anharmonic than Na or K, due to the strong Li ion-ion interaction which has a relatively soft. repulsive core. The anharmonic corrections do improve agreement with the observed dispersion curves at 110 K, and they provide a good description of the phonon frequency changes with temperature, but the calculated phonon lifetimes are often two or three times the observed values. The remaining discrepancies with experiment suggest (i) the presence of three-or four-body interactions in Li which are not included in the DRT pseudopotential method, and (ii) that the phonons decay significantly via processes higher than those accounted for by cubic anharmonicity.
I. INTRODUCTION Starting with the early work of Toya, theoretical calculations of the lattice dynamics of alkali metals have progressed, during the past two decades, to the point where first-principles' calculations can be expected to yield reliable results. This is especially true in Na and K where it is possible to obtain good agreement with experiment at all temperatures, even those where anharmonic effects are comparatively large. " With their spherical Fermi surfaces, free-electron behavior, and fairly tightly bound ionic cores these two metals are, from the theoretical point of view, the easiest of the alkali metals to deal with. Rb and Cs are rather more difficult for two reasons. Firstly, the density of electrons is so low that the compressibility of the electron gas is negative for Cs and virtually so for Rb, rendering a calculation based on the electron gas as a zeroth-order approximation, highly questionable. Secondly, the rather large ionic cores of these materials are more loosely bound than in the lighter alkalis giving rise to appreciable core polarizabilities. This latter effect has yet to be included in a lattice-dynamic calculation for Rb and Cs, although Kukkonen' has incorporated it into the electron-electron scattering contribution to the thermal resistivity. Kukkonen suggested that the core-polarization effect could be included by renormalizing the density of the electron gas to an effective higher density. This has the additional benefit of removing the compressibility problem. Hence this type of approach applied to the lattice-dynamic problem might very well be the answer to the Rb and Cs problem, although this remains to be investigated. This brings us to Li, the lightest of the alkali metals with the highest density of electrons and no significant core polarization. However Li has its own special problem which arises from the fact that the ionic core consists of only two 1s electrons. This means that the ionic potential seen by the p component of the conduction band is not shielded by the core, resulting in a strong scattering phase shift. The pronounced deviations from sphericity of the Fermi surface"' are probably manifestations of this fact. This means that a properly constructed Li pseudopotential is highly nonlocal and relatively strong, which in turn means that the application of perturbation theory poses a serious problem. Hence although, superficially, the lattice dynamics of the alkali metals appears to be reasonably well understood, only Na and K seem to have no significant remaining difficulties in interpretation.
In this paper we address ourselves to the problem of anharmonic lattice dynamics in Li. Although (2) The short-range part V"(r) is of course left over when V"(r) is subtracted from VI(r).
To evaluate the asymptotic part V"(r), in (1) which depends upon the positions r, of the ions.
The dynamics of ionic motion at a given volume then depends solely on V» (r, -r, ).
The lowest-order self-consistent phonon theory" " is the self-consistent-harmonic (SCH) approximation in which the phonon frequencies are again given by expressions (8) and (9). Now, however, the derivative of V«(r» ) in (9) is averaged over the relative vibrational amplitudes,
where e(q&) is the phonon polarization vector and
In the quasiharmonic approximation the frequency of a phonon having wave vector q and branch~is
The width of this Gaussian distribution is [A"8(ll') «R'(ll')]. This turned out to be the case for all branches except the T, [110] branch, which depends heavily on the long-range part of the potential. To improve this branch, we approximated the outer shell averaging by an uncorrelated Einstein model like Gaussian averaging of the same width in Do& (q). This improved the T, [110] branch but the frequencies of this branch still showed unrealistic variation with wave vector. This point is discussed further in Sec. V. 14) which appears in the one-phonon part of the dynamic form factor (see Sec. IIID). The expressions for 4(tl&, (l)) and F((I&, co) are given in E(ls. (5) and (6) To complete this section, we note that the coherent inelastic cross-section for neutrons scattering from crystals is proportional to the dynamic form factor, 8(Q, re). This 8(Q, &a) is usually expanded in powers of scattering from single phonons, pairs of phonons, (16) and so on. The term 8»Q, (l)) represents the interference contribution between the one-and twophonon cases. For all phonons considered here the 8~(Q, (l))+8, (Q, &l) ) in E(I. (16) The representation of the Li ion-ion interaction used in the present calculations is shown in Fig. 1 . The phonon energy dispersion curves for Li at j.lo K calculated in the self-consistent harmonic approximation with the cubic term added (SCH+ cubic) using this ion-ion interaction are shown in Fig. 2. A comparison of the calculation and observed phonon energies shows good overall agreement with some clear discrepancies.
In assessing the meaning of these discrepancies, it is interesting to compare first the quasiharmonii. c (QH) and SCH+ cubic phonon energies. In a previous QH calculation using the same ion-ion interaction as in Fig. 1 Fig. 2 we see that the discrepancy around Q' =(1,0, 0) has effectively been removed. This is partly because the SCH+ cubic energy is lower than the QH value (see Table I ) and partly because the additional single point due to Beg and Nielson" (see Table I Fig. 3 is interesting since the intrinsic anharmonic shifts in the phonon energy from the QH to SCH, and on adding the cubic term, are both negative in Na and K. Here the QH-SCH shift is negative but very small (see Table I ). Also the cubic shift is very small (see Table I and Fig. 4 o424--- Table II 
which is the harmonic result in the high-temperature limit using a Debye approximation to the fre- To conclude, we note that the long-range nature of the Li ion-ion interaction shown in Fig. 1 
